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ABSTRACT 
 
Two dimensional few-layer black phosphorus crystal structures have recently fabricated and 
demonstrated great potential in applications of electronics. In this work, we employed first 
principles density functional theory calculations to study the edge effects and quantum 
confinement on the electronic properties of the phosphorene nanoribbons (PNR). Different edge 
functionalization groups, such as H, F, Cl, OH, O, S, and Se in addition to a pristine case, were 
studied for a series width of the ribbon up to 3.5 nm. It was found that the armchair-PNRs 
(APNRs) are semiconductors for all edge groups considered in this work. However, the zigzag-
PNRs (ZPNRs) show either semiconductor or metallic behavior in dependence on their edge 
chemical groups. Family I edges (H, F, Cl, OH) form saturated bonds with P atoms and the edge 
states keep far away from the band gap. However, Family II edges (pristine, O, S, Se) form weak 
unsaturated bonds with the pz orbital of P atoms and bring edge states within the band gap. These 
edge states of Family II ribbons present around the Fermi level within the band gap, which close 
up the band gap of the ZPNRs. For the APNRs, these edge states are at the bottom of the 
conduction band and result in a reduced band gap. 
 
Keywords: phosphorene nanoribbons, edge functionalization group, edge states, band structure, 
band gap, quantum confinement.  
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1. Introduction  
Recently fabricated two dimension (2D) few-layer black phosphorus [1-4] has drawn 
immediately attention to the society of material science. [5-16] It was found this material is 
chemically inert and has great transport properties. It was reported that it has carrier mobility up 
to 1000 cm2/V·s and an on/off ratio up to 104 was achieved for the phosphorene transistors at 
room temperature. [2, 17] In addition, this material shows a finite direct band gap at the Γ point 
of Brillouin zone [2, 5, 7, 17-19] (in contrast to the vanishing gap in graphene), which opens 
doors for additional applications in optoelectronics.  
Tailoring electronic properties of semiconductor has been critical for applications in 
electronics.  A series of strategies were explored to engineer the band gap of phosphorene, for 
example, by utilizing multilayer structures, [5, 17] applying mechanical strains, [6, 7] forming 
nanoribbons [9, 12-14] or nanotubes [9]. For the phosphorene nanoribbons (PNRs), their 
electronic properties are dependent on the crystal orientation of the ribbons. For example, two 
typical crystal directions were generally explored, namely the armchair-PNRs (APNRs) and the 
zigzag-PNRs (ZPNRs). Tran and Yang [12] reported that the PNRs with the edge P atoms 
passivated using H are direct-gap semiconductors and their band gaps are a strong function of the 
ribbon width due to quantum confinement effect. However, Guo et. al. [9] found that the pristine 
ZPNRs are metals regardless of the ribbon width, while the pristine APNRs are semiconductors 
with indirect band gaps. These distinct conclusions imply that the edges of the ribbons play a 
critical role on their electronic properties. Therefore, it is of importance to systematically study 
the edge effects on the PNRs, in particular, with several common chemical groups, such as -OH, 
-O, -S etc. In this work, we present detailed systematic analysis of the edge effects on the 
electronic band structure and density of states (DOS) of both APNRs and ZPNRs for a series of 
widths up to 3.5 nm. Our results suggest that the APNRs are semiconductors with either direct or 
indirect band gap depending on the edge function groups, and the ZPNRs demonstrate either 
semiconductor or metallic behavior with different edge passivation. 
 
2. Simulation details 
The theoretical calculations were carried out using first principles density functional theory 
(DFT).[20] The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [21] and the 
projector-augmented wave (PAW) potentials [22, 23] were employed. The calculations were 
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performed using the Vienna Ab-initio Simulation Package (VASP).[24, 25]  The kinetic energy 
cutoff for the plane wave basis set was chosen to be 500 eV. The energy convergence criteria for 
electronic and ionic iterations were set to be 10-5 eV and 10-4 eV, respectively. The reciprocal 
space was meshed at 14 × 1 × 1 for the ZPNRs and 1 × 10 × 1 for the APNRs using Monkhorst 
Pack meshes centered at Γ point. 21 K-points were included in band structure calculations from 
Γ to X for the ZPNRs and from Γ to Y for the APNRs. To simulate a ribbon, a unit cell with 
periodic boundary condition was used. A vacuum space of at least 20 Å was included in the unit 
cell to minimize the interaction between the system and its replicas resulting from the periodic 
boundary condition.   
 
3. Results and discussion 
A. Structural properties 
The initial structures of monolayer phosphorene were obtained from bulk black 
phosphorus.[26] The 2D phosphorene has a puckered honeycomb structure with each phosphorus 
atom covalently bonded with three adjacent atoms. Our calculated lattice constants for bulk black 
phosphorus are a = 3.307 Å, b = 4.547Å, and c = 11.210 Å, in good agreement with 
experimental values [26] and other theoretical calculations.[17, 27] The relaxed lattice constants 
for monolayer phosphorene are a = 3.295 Å, b = 4.618 Å.  
The APNRs and ZPNRs with different ribbon widths up to 3.5 nm were truncated from 
monolayer phosphorene along the y- and x-directions, respectively, as shown in Figure 1. The 
width of a ribbon nL is referred according to the number n of P atoms in the direction 
perpendicular to the ribbon direction (see Figure 1). As an example, Figure 1 demonstrates the 
snapshots of 9L-APNRs and 12L-ZPNRs. The edges of the PNRs were treated in eight different 
scenarios: no passivation (pristine) or bonded with H, F, Cl, OH, O, S or Se chemical species.  
We explored the structural configuration at the edges for the PNRs. For example, six bond 
lengths labeled as b1 – b6  and four bond angles indicated as α, β, γ and θ in Figure 1 were 
calculated and reported in Table I. The bond length b1 between the two P atoms near the edge of 
the 9L-APNR has a negligible change for all eight different edge groups, indicating that the 
distinct edge function groups only affect the geometry of the ribbon at the edge. The P-P bond b2 
at the edge for the pristine case experience a considerable reduction from 2.26 Å (of the 2D 
phosphorene) to 2.07 Å, due to its edge dangling-bond reconstruction. The variation in the bond 
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length b3 between the P atoms and the edge species is expected: larger edge chemical species has 
a longer bond length.  The bond b3 is sufficient large for the edge S (Se) case, so that two S (Se) 
atoms in the neighbored simulation cell form a bond, labeled as b4 in Figure 1(a). The bond 
angles α  and β both increase largely for the pristine case due to the edge P-P bond 
reconstruction.  
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Figure 1. Snapshots of the APNRs and ZPNRs with different edge functionalization groups. 
(a) 9L-APNR with edge P atoms saturated using H (F or Cl), and hydroxyl group, double-
bonded O, and bridge-bonded S (Se) atoms, respectively. (b) 12L-ZPNR with edge 
functionalized using H (F or Cl), double-bonded O, S and bridge-bonded Se atoms, 
respectively. The dashed rectangles indicate the unit cells.  
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Table I, The bond lengths b1-b6 and bond angles α-θ at the edges of the PNRs with 
different edge groups. The bond lengths and angles were denoted in Figure 1. As a 
reference, the corresponding bond lengths/angles in monolayer phosphorene were also 
listed. 
9L-APNR 12L-ZPNR
system b1 (Å) b2 (Å) b3 (Å) b4 (Å) α (°) β (°) γ (°) b5 (Å) b6 (Å) θ (°)
monolayer 2.22 2.26 n/a n/a 95.9 104.1 n/a 2.22 n/a 104.1
pristine 2.23 2.07 n/a n/a 111.1 119.1 n/a 2.14 n/a n/a
H 2.22 2.25 1.44 n/a 95.7 103.2 93.1 2.23 1.44 99.3
F 2.23 2.25 1.63 n/a 94.9 98.3 98.3 2.22 1.64 106.0
Cl 2.24 2.26 2.08 n/a 92.7 95.9 101.1 2.23 2.08 107.3
OH 2.23 2.24 1.68 n/a 94.9 99.0 100.1 2.22 1.68 110.7
O 2.27 2.25 1.49 n/a 99.5 106.7 109.2 2.25 1.50 116.4
S 2.23 2.25 2.11 2.10 97.0 105.0 99.5 2.28 2.00 106.3
Se 2.23 2.24 2.28 2.38 95.3 102.9 100.0 2.29 2.39 89.3
 
 
For the ZPNRs, the bond length b5 and b6 show a similar variation with the edge function 
groups as the APNRs. The significantly reduced bond angle θ for the Se case from 104.1° (of the 
2D phosphorene) to 89.3° is resulted from the special bridge-bonded configuration as shown in 
Figure 1(b). We also checked this bridge-bonded arrangement for both O and S edges and found 
that these two prefer to binding to one P atom instead of bridge-bond to two P atoms as shown in 
Figure 1(b). This is resulted from their much shorter bond lengths b6 with P, 1.50 Å and 2.00 Å 
for the O and S cases, respectively, compared to 2.39 Å in the Se edge.  
 
B. Band structure and density of states 
The band structures of the PNRs with the eight different edge functionlization groups were 
calculated. As an example, Figure 2 presents the band structure of the 9L-APNRs and 12L-
ZPNRs. Since the edge groups F and Cl show similar effects on the band structure, we only plot 
the F-edge case for the APNR and the Cl case for the ZPNR in Figure 2.  It is clear that the 
APNR is a semiconductor. The band gap is defined as the energy difference between the 
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conduction band minimum (CMB) and valence band maximum (VBM).  For the pristine and O-
edge cases, the APNR shows an indirect band gap, while other function groups demonstrate a 
direct band gap. For the pristine and O-edge cases, the CBM, which is contributed from the edge 
P and O atoms, respectively (see below Figure 4), is not located at the Γ point. While the VBM is 
at Γ, which gives an indirect gap. However, for the cases with the edge H, OH, F(Cl), both the 
CBM and VBM are contributed by the non-edge P atoms (i. e. intrinsic states) in the ribbon and 
located at Γ, which gives a direct band gap. A slightly different situation occurs for the APNRs 
with the edge S (Se) atoms, in which the conduction bands are mainly contributed by the edge S 
(Se). While the CBM is still located at Γ and results in a direct band gap.  
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Figure 2, Band structures of the APNRs and ZPNRs with different edge chemical groups. 
Top is for the 9L-APNRs and Bottom for the 12L-ZPNR. The Fermi level is set at zero. The 
edge states brought by the edge P, O, S and Se atoms within the band gap are indicated in 
blue color. 
On the other hand, the ZPNR shows a dissimilar behavior. The ribbon demonstrates either 
semiconductor or metallic behavior as shown in Figure 2(h)-(m), in dependence on the edge 
functionalization groups. The edge chemical groups can be classified into two distinct families. 
Family I includes the H, OH, F and Cl edges and Family II consists of the pristine, O, S and Se 
      7 
cases. With Family I edges, the ZPNRs are semiconductors with a direct band gap at Γ. And their 
CBM and VBM are the intrinsic states from the non-edge P atoms in the ribbon (see below 
Figure 4). However, for Family II edges, the ribbon shows metallic. The electronic states 
contributed by the edge atoms of Family II are located around the Fermi level and close up the 
band gap.   
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Figure 3, The total, s- and p-orbital projected density of states. The DOS of the 9L-APNR 
with the edge functionalized using (a) S and (b) O atoms. The DOS of the 12L-ZPNR with 
the edge saturated using (c) Cl and (d) bridge-bonded Se atoms. The Fermi level is aligned 
at zero.    
The DOS of the studied PNRs was also calculated. As an example, Figure 3 presents the 
total, s- and p-orbital projected DOS of the 9L-APNRs and 12L-ZPNRs. The DOS of the 9L-
APNR with the edge S (O) passivation in Figure 3 suggest that the ribbon are semiconductors, in 
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which the conduction band (CB) was mainly contributed by the p-orbitals of the edge P and S 
(O) atoms while the VBM is located at the p-orbitals of the P atoms in the ribbons. For the 12L-
ZPNR with the edge Cl in Figure 3(c), the band gap of the ribbon is determined by the intrinsic 
states of P and the Cl states are far away from the band gap. In the metallic 12L-ZPNR with the 
bridge-bonded Se in Figure 3(d), the p-orbitals of the Se and P atoms form bonds which close up 
the gap.  
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Figure 4, The electron density contour plots of near-Fermi-level states A – M. The vertical 
and horizontal arrows indicate the armchair and zigzag ribbon directions, respectively. 
The near-band-edge states A – M (labeled in Figure 2) were explored and their electron 
density contour plots are presented in Figure 4. States A and B are the VBM and CBM of the 9L-
APNR with the edge functionalization groups H, OH, F and Cl (i.e. Family I). The wave function 
of states A and B are primarily located in the phosphorus atoms within the ribbon and the edge P 
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and chemical groups have little contribution. State C is the CBM of the pristine 9L-APNR. From 
the electron density contour plot in Figure 4 (c), it is clear that the charge is primarily located at 
the edge P atoms. State D is the CBM of the 9L-APNR with the edge O and the charge is 
distributed mainly on the edge P and O atoms. Similar edge states within the band gap were also 
found for the S and Se cases.  
In the 12L-ZPNRs, the electronic states E and G are denoted as the VBM and CBM with the 
edge H, OH, F and Cl cases (Family I) and they are intrinsic states contributed by the non-edge P 
atoms. However, for the pristine, S, Se and O cases (Family II), the charges of states J, K, L and 
M are primarily located on the edge P and chemical groups.  
To understand why Family II cases bring edge states within the band gap while Family I 
edges not, we examined the characteristics of the electronic orbitals of the near-gap states. 
Family I edge species form a saturated bond with the P atoms in the ribbons and the energy 
associated with this saturated bond is far below the Fermi level. For example, the energy 
associated with the P-F bond in the 9L-APNR is 4.12 eV below the Fermi energy and that of the 
P-O bond in the case of edge OH group is 2.09 eV below the Fermi level. However, in Family II 
cases, the P atoms don’t form a saturated bond with the edge species. Moreover, these 
unsaturated bonds are particularly weak due to their special electronic orbital orientations. For 
instance, the edge reconstructed P-P bond in the pristine ribbon is nearly in the ribbon plane (i. e. 
the xy-plane). However, the p-orbitals of the two P atoms are along the z-direction (i.e. pz-
orbital). And the pz-orbitals form a relatively weak P-P bond in the xy-plane due to a minimal 
overlap of the wavefunction. Similar situation was found for the O, S and Se cases. For example 
in Figure 4(d), the pz-orbitals of the edge O and P atoms cause a weak P-O bond in the ribbon 
plane. These weak unsaturated bonds bring the edge states within the band gap for Family II 
cases. It is interesting to note that the bridge-bonded Se atoms in the ZPNR appear to form a 
saturated bond with two P atoms. However, the pz-orbitals make these P-Se-P bonds in the 
ribbon plane are relatively weak, which still bring the edge states within the band gap.  
 
C. Quantum confinement on band gaps 
The band gap of the APNRs and semiconducting ZPNRs with the ribbon width up to 3.5 nm 
were calculated and presented in Figure 5. For the APNRs in Figure 5(a), the band gap of Family 
I cases increases rapidly with a reduced width of the ribbon. Note from the above discussion, the 
      10 
band gap of Family I is determined by the intrinsic electronic states of phosphorus atoms. The 
scaling of the band gap with the ribbon width d obeys the usual 1/d2 relation according to 
quantum confinement, which is consistent with literature. [12] Given a same width, the band gap 
of Family II ribbons is generally smaller than that of Family I. This is because Family II cases 
bring edge states within the band gap, thus largely reducing the gap. The significant smaller band 
gap of the 3L-APNR with the edge O is resulted from a structural distortion of this ultra narrow 
ribbon. For the ZPNRs in Figure 5(b), the four of Family I ribbons have very similar behavior, 
and the gap scaled as 1/d, in agreement with Tran and Yang’s prediction. [12] Family II ZPNRs 
show metallic behavior thus the gap is zero.  
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Figure 5, The band gap of the (a) APNRs and (b) ZPNRs as a function of ribbon width. 
Family I edges are plotted using solid lines while Family II edges denoted with dashed lines.  
 
4. Conclusion 
We employed first principles DFT calculations to study electronic properties of the 
phosphorene nanoribbons with the edge functionalized using different chemical groups. It was 
found that the APNRs are semiconductors for all edge groups considered in this work. However, 
the ZPNRs demonstrate either semiconducting or metallic behavior.  The CBM and VBM of the 
APNRs and ZPNRs with the edge H, F, Cl, and OH groups (Family I edges) are contributed by 
the intrinsic electronic states of non-edge phosphorus atoms, and the edge species have 
negligible contribution to their wavefunctions. Therefore, the ribbons in this family are 
semiconductors with a direct band gap. However, the APNRs and ZPNRs in the pristine, O, S 
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and Se cases (Family II edges) display edge states within the band gap, which cause a reduced 
band gap in the APNRs and metallic behavior in ZPNRs. These edge states in Family II ribbons 
are originated from their weak unsaturated bond with the P atoms.  
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